Magnetic vortices in the parameter regime of electron magnetohydrodynamics are studied in a large laboratory plasma. The vortices consist of magnetic field perturbations, which propagate in the whistler mode along a uniform dc magnetic field. The magnetic self-helicity of the spheromak-like field perturbations depends on the direction of propagation. Vortices with opposite toroidal or poloidal fields are launched from two antennas and propagated through each other. The vortices collide and propagate through one another without an exchange of momentum, energy, and helicity. The absence of nonlinear interactions is explained by the force-free fields of electron magnetohydrodynamic ͑EMHD͒ vortices.
I. INTRODUCTION
Electron magnetohydrodynamics ͑EMHD͒ describes the plasma parameter regime where electrons are fully magnetized while ions are essentially unmagnetized. 1 Typically, this holds in the frequency regime ci ӶӶ ce , where ci , ce are the ion and electron cyclotron frequencies, respectively, and on spatial scale lengths between the electron and ion inertial scale lengths, c/ pe ϽLϽc/ pi , where pi , pe are the ion and electron plasma frequencies, respectively. The different response of the electron and ion fluids produces phenomena not present in single-fluid MHD: Ohm's law is dominated by the Hall effect, magnetic fields are frozen into the electrons and transported by electron whistler waves, and field topologies are always three dimensional ͑3-D͒ and exhibit helicity. These conditions arise in many natural and manmade plasmas. In space, reconnection at magnetic null points involves a transition from MHD to EMHD physics because, as B→0, the ions become unmagnetized before the electrons. 2, 3 Magnetic fluctuations in the solar wind beyond the MHD dissipation range also involve EMHD effects. 4, 5 In laboratory plasmas, EMHD governs the physics of helicon plasma sources, 6 plasma opening switches, 7 rotamak fusion devices, 8 and basic plasma experiments on transient currents. 9, 10 The latter demonstrated the existence of 3-D EMHD vortices, as suggested by earlier theories. 11 These vortices are spheromak-like magnetic field perturbations, which propagate in the whistler mode along a uniform background magnetic field. They have many interesting properties: The linked toroidal and poloidal fields exhibit helicity whose sign is uniquely related to the direction of propagation along B 0 . The perturbed vector potential A, magnetic field BϭٌϫA, current density JϭٌϫB/ 0 , and electron vorticity e ϭٌϫv e ϭϪٌϫJ/ne are approximately all aligned. The vortices are force-free structures satisfying JϫB tot ϪneEӍ0 in a uniform plasma. Because in EMHD the electric and magnetic forces on the electron fluid essentially cancel, two parallel currents do not cause the electron fluid to attract. This behavior is fundamentally different from MHD plasmas or conductors in free space, where the JϫB force dominates. Indeed, observations confirm that in EMHD a cylindrical current does not easily pinch 12 or a current sheet does not readily tear. 13 Similarly, EMHD waves ͑whistler vortices͒ remain linear up to relatively large amplitudes (B wave рB 0 ) or energy densities (B wave /2 0 ϾnkT e ), which is neither the case for MHD waves or electrostatic waves. These properties are thought to explain why EMHD vortices do not interact as nonlinearly as vortices in fluid and gasdynamics, 14 non-neutral plasmas, 15 and the formation of MHD turbulence. 16, 17 In the present work we deal with collisions of 3-D vortices in an electron fluid. In contrast to other fluids, the interaction is found to be entirely linear, i.e., the vortices propagate through each other without exchange of energy or momentum. The combined field is a linear superposition of the fields of the individual pulses, both for head-on and glancing collisions. This apparently simple result is surprising since earlier observations on the interaction of MHD plasmoids with force-free fields showed billiard-ball-like collisions. 18 It is explained by the balance of magnetic and electric forces in EMHD fields.
The paper is organized as follows: After describing in Sec. II the plasma device and measurement techniques, the experimental results are presented in Sec. III, divided into various subsections. In the conclusion, Sec. IV, we point out the relevance of the present findings to related observations and applications.
II. EXPERIMENTAL ARRANGEMENT
The experiments are performed in a large laboratory plasma device schematically shown in Fig. 1 . A 1 m diamϫ2.5 m long plasma column of density n e Ӎ6 ϫ10 11 cm Ϫ3 and electron temperature kT e Ӎ1.5 eV (p n Ӎ0.26 mTorr, Ar͒, is produced in a uniform axial magnetic field B 0 Ӎ5 -10 G with a pulsed dc discharge ͑V dis Ӎ50 V, I dis Ӎ600 A, t pulse Ӎ5 ms, t rep Ӎ1 s͒ using a large oxide-coated cathode. 19 In the quiescent, uniform, current-free afterglow plasma, pulsed currents are applied to two identical magnetic loop antennas ͑ϳ10 cm diam, 1 turn͒ separated axially by ⌬zϭ50 cm. The time-varying magnetic fields associated with the plasma currents are measured with a triple magnetic probe, recording (B x ,B y ,B z ) versus time at a given position. By repeating the highly reproducible discharges and moving the probe to many positions in a volume, the vector field B(r,t) is obtained with high resolution ͑⌬rӍ1 cm, ⌬t Ӎ10 ns͒. The spatial field distribution at any instant of time can be constructed from the digitally stored temporal traces. Plasma parameters are obtained from a small Langmuir probe (r 2 Ӎ2.6 mm 2 ) which is also movable in three dimensions.
III. EXPERIMENTAL RESULTS

A. Excitation of whistler vortices from a loop antenna
We start with a brief review of the penetration of transient magnetic fields into a uniform magnetoplasma. Combining Faraday's law and the force-free condition in an ideal plasma yields ‫ץ‬B/‫ץ‬tϭٌϫ(vϫB). The equation describes magnetic fields frozen into the fluid of velocity v, which, in EMHD, 1 is the electron fluid velocity, v e ϭϪJ/ne ϭϪٌϫB/ne 0 . For small field perturbations ͓B(r,t) ӶB 0 ͔, propagating with wave velocity v ʈ ϭϮ‫ץ‬z/‫ץ‬t along the dc magnetic field B 0 , the linearized solution of ‫ץ‬B/‫ץ‬t ϭϪٌϫ(JϫB)/ne yields J/neϭϮv ʈ B/B 0 . Here, the wave velocity is that of low-frequency whistlers since Fourier transformation of the differential equation yields the whistler dispersion relation, ϭk 2 (B 0 /ne 0 )ϭ(kc/ pe ) 2 ce . Bounded wave packets consisting of a spectrum ͑⌬k, ⌬͒ of oblique whistlers can form 3-D vortices 11 consisting of linked toroidal and poloidal fields like those in a Hill's vortex 20 or a spheromak. 21 Vortices with J ʈ Ϯ B ʈ ϮA have positive helicity densities for propagation along the dc magnetic field B 0 and negative helicities for propagation opposite to B 0 . The total magnetic helicity, an invariant in ideal fluids, can be decomposed into mutual and selfhelicities, H tot ϭH self ϩH mutual ϭ͐(A 0 ϩA)-(B 0 ϩB) dV ϭ͐A-B dVϩ͐A 0 -B dV, the first term describing the topology of the perturbed field B(r,t), and the second the linkage of B(r,t) with B 0 . For small perturbations the vortex topology exists only in the perturbed magnetic field and the electron fluid velocity. The total magnetic field lines exhibit a propagating twist and bulge or pinch depending on vortex polarity. However, if the vortex field exceeds the ambient field magnetic null points or lines can be formed.
Fourier analysis of the experimental data 22 reveals that the electromagnetic perturbation consists of oblique whistler modes, which form 3-D vortices, as predicted by theory. 11 Physically, the spheromak-like vortex can be thought of as produced by the linkage between a toroidal field B formed by axial currents, and an axially oriented poloidal ͑dipolar͒ field (B r ,B z ) formed by toroidal Hall currents. The currents are driven by both inductive and space-charge electric fields. 10, 22 Vortices are excited by pulsed currents applied to a simple loop antenna with its dipole axis along a uniform dc magnetic field B 0 . A current step excites one vortex in time, a current pulse excites a sequence of two vortices of opposite polarity, an ac current produces oscillating vortices. The poloidal or dipolar vortex field is induced by a loop antenna. The toroidal field develops self-consistently, as follows: 23 The toroidal inductive electric field (E ϰ‫ץ‬B z /‫ץ‬t) gives rise to a radial electron drift, v r ӍE /B 0 . Since the electrons are essentially incompressible (ٌ-JӍ0), the diverging radial current is closed by axial currents ϮJ z driven by a parallel electric field due to a small space-charge imbalance (n i Ϫn e ӷn i ) at the center of the antenna/vortex. Radial and axial currents form a poloidal current loop. The axial currents produce toroidal fields ϮB , which link the poloidal field (B r ,B z ) to form two vortices propagating in opposite directions with opposite helicity. In the propagating vortices, the poloidal field is generated by toroidal Hall currents J ӍneE r /B 0 associated with the space-charge imbalance inside the vortex. In the absence of collisions the adiabatic compression/expansion of electrons does not create energy losses or net electron heating. Figure 2 presents a measurement example of such vortex properties. Figure 2͑a͒ shows a snapshot of the toroidal field components ͑B x , B y ͒ in an xϪy plane in the middle of the vortex, while Fig. 2͑b͒ shows the poloidal field ͑B y , B z ͒ in an xϪz plane on axis. The poloidal vector field is enhanced by tracing a few field lines that clarify the right-handed linkage between the toroidal and poloidal field components. The magnetic self-helicity is positive for wave propagation along B 0 . The V-shaped poloidal field arises from the fact that oblique whistler modes propagate slower than parallel whistlers inside the slowly expanding vortex.
B. Head-on collisions of vortices
Two identical loop antennas with dipole moments m ʈ B 0 are placed on the axis (xϭyϭ0) and separated by ⌬zϭ50 cm, as schematically shown in Fig. 1 . When energized by the same current pulses, two vortices of identical poloidal but opposite toroidal fields propagate against one another ͓Fig. 3͑a͔͒. When the currents in the two antennas flow in opposite directions, two vortices with opposite poloidal and identical toroidal fields are made to collide ͓Fig. 3͑b͔͒. As the two vortices of opposite helicity collide, the opposing field components are expected to cancel while the identical fields add, leaving either a purely poloidal field ͓Fig. 3͑a͔͒ or a purely toroidal field ͓Fig. 3͑b͔͒ at the moment of collision. In the former case, a toroidal null line is formed at the midplane between the antennas; in the latter, a cusptype null point is generated. Total zero helicity is conserved at all times.
Experimental observations corresponding to Fig . 3͑a͒ have been performed for two cases: ͑i͒ a small-amplitude single vortex generated by a fast-rising (t rise Ӎ100 ns) current step ͑7 A͒, and ͑ii͒ a large-amplitude vortex (B z,max рB 0 ) generated by a stronger ͑85 A͒ but slower (t pulse Ӎ5 s) current pulse through the antenna. For the small-amplitude vortex (B max /B 0 Ͻ1%), Fig. 4 displays contours of the toroidal field B ͑ϭB x for xϭ0, yϽ0͒ versus axial position z and time t for each vortex separately ͑first two frames͒, for both vortices together ͑third frame͒, and for the linear superposition of the two individual vortices ͑fourth frame͒, i.e., the additions of the first two frames in Fig. 4 . Dashed lines along the crests indicate the vortex propagation at the whistler speed (v ʈ ӍϮ8.8ϫ10 7 cm/s). The third and fourth frames of Fig. 4 are identical to within experimental accuracy. In the symmetry plane (zϭ0), the opposing fields ϮB cancel at all times during the penetration of the oppositely propagating vortices. At the time of collision (tӍ0.4 s), the toroidal field vanishes at all axial positions, i.e., it is completely annihilated. After the collision, both vortices continue to travel in opposite directions with amplitudes and velocities comparable to those of the individual vortices. Thus, the collision has caused no change in momentum, energy, or magnetic helicity. These results may not be surprising since the wave field is very small compared to the ambient field and the wave energy density is small compared to the particle energy density.
Figures 5 and 6 display field components for the largeamplitude case, where the applied antenna field exceeds the ambient field (B ant,max Ӎ2B 0 ). Since we are interested in the collision of the vortices, the vacuum field of the dipole has been subtracted from the time-dependent field in the plasma ͑B 0 not included͒. However, due to coupling losses, wave spread, and damping, the ratio of the actual fields, B pl,max /B 0 , during collision is about 20%. Nevertheless, electrostatic waves of comparable normalized wave densities would produce strong nonlinearities, as evidenced in soliton collisions. [24] [25] [26] The observed toroidal field components B ͑Fig. 5͒ and poloidal field components B z ͑Fig. 6͒ are displayed in yϪz planes (xϭ0) for four cases, i.e., each vortex propagating separately, both vortices launched together, and a linear superposition of the two individual vortices. The data are shown prior to (tϭ1.25 s), during (tϭ2.15 s), and after the collision (tϭ3.75 s). As expected, the toroidal fields cancel and the poloidal ͑axial͒ fields add during the collision. The observations show that even for these largeamplitude vortices there is no significant differences between the actual fields of the two colliding vortices and the linear superposition of the two individual vortices propagating in opposite directions. Thus, force-free vortices do not interact with one another. the collision, while the toroidal fields B nearly cancel, the difference arising from a small offset in the vertical antenna alignment. Zero helicity is conserved, the ''loss'' of toroidal field energy is balanced by the gain in poloidal energy. Energy is conserved in the interaction since after the collision the vortices emerge with the same fields as noncolliding vortices.
During the propagation and collision of the two vortices the net magnetic field lines behave as schematically shown in Fig. 8 . The vortices create an azimuthal twist and radial pinch, which, for the purpose of clarity, are discussed separately but occur together. Figure 8͑a͒ shows the azimuthal displacement of a typical off-axial field line due to the op- posing toroidal fields ϮB of the two vortices. Prior to the collision the field line B in the upstream section between the two approaching vortices coincides with the unperturbed field B 0 ͑dashed line͒, while the field lines downstream of the vortices have been rotated due to the toroidal fluid rotation in of each vortex. During the collision the twist vanishes, although the field line remains rotated from the initial field B 0 . The fluid rotation in both vortices is in the same direction before, during, and after the collision. After the collision, the field line between the receding vortices is further rotated by the same angle as the upstream field lines was rotated with respect to B 0 . Figure 8͑b͒ shows the constriction of field lines in the region of each vortex, which is due to the identical poloidal fields. Fields and electron fluid flows are consistent with the frozen-in concept: The radial constriction arises from radial inflows and outflows at the front and end of each vortex. The toroidal drift twists the originally straight field line, which requires a toroidal field. Flows and perturbed fields are parallel for the vortex 2 with negative helicity and antiparallel for vortex 1 with positive helicity. Thus, the toroidal flows are the same in each vortex and add during the collision. The added toroidal current produces the enhanced poloidal field. The opposing poloidal drifts of the two vortices cancel during the collision, consistent with the vanishing of the toroidal field. At the moment of collision the toroidal currents form a virtual loop antenna. The subsequent separation of the two vortices can also be viewed as a reradiation of two vortices from a loop antenna. Note that, unlike in MHD, the two parallel toroidal currents ͑or dipolar magnetic fields͒ produce no attractive force between the vortices. In EMHD the fields are force-free (JϫB ϪneEϭ0) and the vortices pass through each other at a constant velocity.
Although the vortex collision has some aspects of classical reconnection models there are also fundamental differences. In steady-state two-dimensional ͑2-D͒ reconnection models, 27 opposing magnetic fields are pushed against each other by opposing fluid flows. The electrodynamics accelerates a charge-neutral fluid whereby magnetic energy is converted into kinetic energy. In the present case the opposing toroidal field components are pushed against each other by wave propagation in opposite directions. The wave velocity is larger and independent of the fluid velocity, which is primarily transverse to the propagation direction. However, as in the physics of reconnection, the toroidal magnetic field energy is lost and the electron fluid is accelerated via Faraday's law. Specifically, the flux change resulting from ‫ץ‬B /‫ץ‬t produces a radial inductive electric field, which, in EMHD, produces a toroidal E r ϫB z drift along the opposing toroidal field lines. This drift of a charged fluid produces a current and a magnetic field, which in this case enhances the poloidal field. Thus, toroidal magnetic field energy is converted into poloidal field energy and not into kinetic energy of the electrons unless ␤ϭnkT e /(B 2 /2 0 )ӷ1, in which case the energy increase is insignificant. The conversion is reversible and occurs when the two vortices re-emerge after the collision.
The observations of vortex collisions with equal toroidal and opposing poloidal fields ͓Fig. 3͑b͔͒ are presented in Fig.  9 . A short, small current pulse ͑500 ns, 12 A͒ has been applied. For comparison, the left two columns show the fields of one vortex, the right two columns the fields of both vortices excited together. The field components B , B z are shown as contour plots in the yϪz plane at three times during the collision process. During the collision (tӍ0.5 s), the poloidal fields cancel and the toroidal fields add, and, as above, energy remains conserved, total self-helicity remains zero, and the positive mutual helicity remains conserved. It is interesting to note that at the center of the midplane (xϭy ϭzϭ0) the vortex field exhibits a 3-D spiral null point, 28 whose spine is along the z axis (xϭyϭ0), with the spiral fan in the xϪy plane. In the symmetry plane, the plasma current is purely toroidal, forming a virtual loop antenna. Thus, the outgoing vortices may be thought of as being excited by the toroidal current, much in the same way as the wire loop antenna excites the original vortices. This idea has been used to analyze the reflection of a vortex from a conducting boundary: During the approach of the vortex, a toroidal surface current is induced that prevents the penetration of the magnetic field into the conductor (B Ќ Ӎ0). The toroidal current reradiates the reflected vortex. However, in contrast to the collision case, magnetic helicity is not conserved in the reflection process. as to perform a glancing collision. Of particular interest would be a deflection from their original straight paths due to forces and torques between their dipolar fields or merging due to parallel axial currents. Of the two possible configurations we chose vortices with equal toroidal and opposite poloidal fields ͓Fig. 10͑a͔͒. We first discuss the interaction with the help of schematic field line plots, then show the experimental observations.
The net field lines, BϭB 0 ϩB , exhibit a left-handed twist in both of the counterpropagating vortices ͑B ,1 Ͻ0, B ,2 Ͻ0͒, which is superimposed on a bulge by vortex 1 (B z ʈ ϪB 0 ) and a pinch by vortex 2 (B z ʈ B 0 ). Note that vortex 1 has a positive self-helicity, H self Ͼ0 since B Ͻ0, B z Ͻ0, but a larger negative mutual helicity ͑B Ͻ0, B 0 Ͼ0͒, hence its total magnetic helicity is negative as for vortex 2. In order to describe the electrodynamic processes it is helpful to consider only the time-varying vortex fields B (B 0 ϭconst). Figure 11͑a͒ presents selected field lines for the poloidal field components B x , B z in an xϪz plane (y ϭ0) as the propagating vortices begin to overlap. On the z axis the opposing field components B x of the two vortices cancel to form a 2-D X-type null point (B x ϭB z ϭ0). As the vortices continue to penetrate one another, the X-type null point merges with the two O-point nulls on axis to form a single island at the origin at the moment of the collision ͓Fig. 11͑b͔͒. The field topology is that of two antiparallel dipoles in juxtaposition. This field is produced by toroidal currents J , which, at the moment of collision, form two loops that are offset in the x direction by approximately one vortex radius and carry currents in opposite directions.
The poloidal fields are linked by toroidal fields B x , B y , whose field lines are sketched in the central xϪy plane (z FIG. 9. Vortex collision with opposing poloidal field components B z and equal toroidal fields B (B 0 ϭ10 G). Contour plots show both B x and B z in the yϪz plane (xϭ0) for a single vortex ͑left two columns͒ and both vortices ͑right two columns͒ at three different times prior to and during the collision process. The collision produces a solenoidal field B (B z Ӎ0) and is a linear superposition of the fields of two force-free vortices. The initial vortices induced by the turn-on of the antenna currents are followed by vortices of opposite sign induced by the current turn-off. ϭ0) at the moment of collision in Fig. 11͑c͒ . At the origin, the toroidal field also vanishes such that the vortex field forms a 3-D null point (B x ϭB y ϭB z ϭ0). The toroidal field is produced by poloidal currents with the same J z components. At the moment of collision, the poloidal currents form two separate loops closing on the outer side of each vortex, such that J x ϭJ z ϭ0 on axis. However, the opposing toroidal current loops superimpose at the origin to form a strong current J y Ͻ0. This Hall current is driven by an electric field E x Ͻ0, which is produced by the toroidal flux change of the propagating vortices. The latter creates loops of inductive electric fields E x , E z (yϭ0) whose parallel component E z is reduced by space-charge fields to values consistent with Ohm's law, which enhances the perpendicular field E x Ͻ0 near the origin. The flux change due to the poloidal field B z of the propagating vortices produces an inductive electric field E y , which changes sign during the collision. It drives cross-field currents J x , which connect the poloidal currents of the advancing/receding vortices, but at the moment of collision E y ϭJ x ϭ0. Thus, poloidal and toroidal fields are coupled via induction and Hall effects. In this glancing collision some poloidal field energy is transferred to toroidal field energy. The transfer would be complete for a head-on collision.
The measured vortex fields and currents during the collision in the mid xϪy plane are shown in Fig. 12 . Contours of the poloidal field component B z ͓Fig. 12͑a͔͒ and vector fields of the transverse components B Ќ ϭ(B x ,B y ) ͓Fig. 12͑b͔͒ show the right-handed field linkage or positive magnetic self-helicity for vortex 1 which propagates along B 0 and negative helicity for the oppositely propagating vortex 2. The axial current density J z ϭ(ٌϫB ) z / 0 ͓Fig. 12͑c͔͒ has the same sign for both vortices. The transverse current density J Ќ ϭ(J x ,J y ) ͓Fig. 12͑d͔͒ shows two offset loops of opposite toroidal currents, which are consistent with Ampère's law and the required opposite current helicity density J-B in both vortices. Zero net current helicity is conserved during the vortex interaction.
The observed fields are again a linear superposition of those of the individual vortices. Thus, glancing collisions of force-free EMHD vortices produce no interactions between them. 
IV. CONCLUSIONS
Experimental observations have shown that EMHD vortices collide without nonlinear interactions. This result may break down when the whistler vortex field exceeds the ambient dc field, 30 but it holds for normalized wave amplitudes, where Alfvén waves or sound waves would interact highly nonlinearly. These results should be of interest in the understanding of whistler turbulence, possibly the inertial range of solar wind fluctuations, 31, 32 3-D EMHD reconnection, vortices in laser-plasma interactions, 33 and rf heating with whistlers.
